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Abstract: Over the last several years, the trend of researchers has been to use some very low-cost
materials as adsorbents. For this purpose, some already commercially used bast fibers were selected
as potential adsorbent materials to remove basic dye from synthetic effluents. The adsorption of basic
yellow 37 dye was studied using three different bast fibers under the names of flax, ramie, and kenaf.
Their morphological structure was examined using several techniques such as scanning electron
microscopy (SEM), crystallinity, X-Ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR), as well as those characterizations being a useful tool to propose a mechanism of the whole
adsorption process. The adsorption evaluation was achieved by studying at first the pH (12) and
temperature effects (25-55 °C). Two isotherm models (Langmuir and Freundlich) were also applied to
the experimental equilibrium data revealing the superiority of ramie fibers (327, 435, and 460 mg-g~!
(25 °C) for kenaf, flax, and ramie, respectively). The crucial adsorbent’s dosage was found to be 0.1
g per litre for all fibers, while the completed desorption study (eluant’s pH and reuse cycles) also
confirmed the strong potential of these kinds of fibers as adsorbents. The latter may be attributed to
the cellulosic content.
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1. Introduction

Natural fibers, such as cotton, hemp, and flax, are widely used for industrial applications, such as
textiles additives [1,2], in order to increase the biodegradability of polymers [3], absorbent materials [4],
etc. The excess of those materials are then considered as wastes with a special need for treatment.
Based on the above, an idea to use some of those fibers as alternative materials (i.e., adsorbents for
treatment of effluents) is of great interest due to their low cost and simplicity.

An important question, which needs to be clearly answered, is: why apply adsorption for
the decontamination of effluents? Recently, adsorption has been widely applied on wastewater
decontamination [5-9], mainly because of its removal efficiency from dilute solutions. Usual materials
like activated carbon [10], chitosan [11], zeolite, and clay [12] are still in high demand due to
their great adsorption capacity, but these are relatively costly. Therefore, there is a rising interest
in finding relatively effective, low-cost, and simply accessible adsorbents. As such, the scientific
community looks to inexpensive adsorbent materials to further reduce the process cost. The most
recent trend in adsorbent material science are the so-called “low-cost” or “zero-cost” materials [13-15].
According to the literature, plenty of low-cost materials have already been tested in wastewater
decontamination by adsorbing several pollutants, such as dyes [16-19], heavy metal ions [20-25],
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pesticides, drugs, etc. [26,27]. Some possible alternative materials can be natural fibers. There is a need
for green/sustainable process development, besides the green adsorbents themselves, and in the last
few years, many examples of them have been given in the literature [28-32].

Plant fibers are classified according to their origin as seed, leaf, bast, or core fibers [33]. Especially,
flax (Linum usitatissimumy), ramie (family of Urticaceae), and kenaf (Hibiscus cannabinus L.) belong to the
large group of bast fibers, while their constitution is basically constructed by three main polymers,
i.e., cellulose, hemicellulosic polysaccharides, and the aromatic compound lignin, along with some
proteins, extractives, minerals, etc.

The overall scope of the present study is to quantify the adsorption potential of flax, ramie,
and kenaf fibers for basic dye removal (basic yellow 37). Until now, there is no other study regarding
the removal of basic/cationic dyes and those fibers (with cellulosic content).

Over the last two decades, cellulose has been utilized as an adsorbent component due to its
unique properties [34]. Its high surface activity due to the supramolecular structure provides several
applications in adsorption, swelling, and sorption of dye molecules [16-19,35-37]. In addition,
this semicrystalline physical polymer presents many available areas for the adsorption of molecules
in both the amorphous phases and the surfaces of the crystalline domains [38—40]. Among these
advantages, fibers from plants have already been extensively examined for their ability to adsorb
dyes and heavy metals. All of the above indicate the clear impact of cellulosic content in dye removal.
Few works have been published so far about the sorption by bast fibers. In contrary, most of them are
based on the use of hemp fibers [41,42].

The structure of this work can be classified into four main steps: (i) fibers characterization with
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and X-Ray
diffraction (XRD); (ii) adsorption experiments using a cationic dye (basic yellow 37) as a model
pollutant; (iii) adsorptive evaluation studying the impact of pH, the initial dye concentration,
temperature (isotherms and thermodynamics), and the mass of the fibers (adsorbents’ dosage);
and (iv) reuse potential of the fibers performing desorption experiments first (deionized water as
eluent in different pH values) and then reuse cycles (adsorption-desorption experiments).

2. Experimental Section

2.1. Materials

Basic yellow 37 (abbreviated as BY37) (Co1HaoN3; M.W. = 323.48 g~mol’1 ; dye purity = 55% w/w)
was used as a model dye pollutant. Kenaf, flax, and ramie fibers (thickness 40 um; length 3 cm) were
used as natural bast fibers. The fibers were supplied from Beijing, China. Double distilled water was
employed in all of the adsorption/reuse tests. Following adsorption, the analysis of the liquid phase
was carried out to estimate the BY37 residual concentration. The samples were collected from the
supernatant and then filtered through fixed pore-sized membranes (0.45 pm) purchased by Schleicher
& Schuell-MicroScience. BY37 concentration was determined using a UV-vis spectrophotometer
(Perkin-Elmer 1100 B, Dresden, Germany) at Amax (440 nm).

2.2. Characterization Techniques

XRD patterns were obtained using an XRD diffractometer (model PW1820, Philips, New York,
NY, USA) at 40 kV and 40 mA in the angular range of 20 = 5-60° using CuK« radiation (0.15405 nm)
to identify the crystalline phase. SEM images were obtained using an electron microscope (model
Zeiss Supra 55 VP, Jena, Germany). The accelerating voltage was 15.00 kV, and the measurement
was performed in situ on a sample powder. The FTIR spectra of the samples were recorded using a
FTIR spectrometer (model FTIR-2000, Perkin Elmer, Dresden, Germany) by mixing the finely ground
specimen with potassium bromide (thickness ~ 500 um). They were recorded from 4000 to 400 cm !
with a resolution of 2 cm ! (64 co-added scans), presented with a baseline correction and converted to
the absorbance mode. Crystallinity index (CI) and percentage crystallinity (X.) were calculated from
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Equations (1) [43] and (2) [44], respectively (where Iy, (counts) was the intensity of the 002 crystalline
peak at 22° and L, (counts) was the height of the minimum between the 002 and 110 crystalline peaks):

Cl — Ipo2 — Iam 1)
Ioo2
Xe = (1002> x 100% )
I002 + Iam

2.3. Adsorption Experiments

The adsorption experiments could be divided into four main groups: (i) effect of pH, (ii) effect of
the initial dye concentration on equilibrium; (iii) effect of the temperature on equilibrium; and (iv) effect
of the adsorbent’s mass. The aforementioned experiments are briefly described below. All experiments
were performed in triplicate in order to provide more accurate results and evaluation.

2.3.1. Effect of pH

The used amount of adsorbents (fibers) was 0.1 g (m) and they were added to six conical flasks
containing 100 mL of the adsorbate solution (V). The initial dye concentration (Cy) was 100 mg-L’l.
Then, the initial pH was adjusted to particular values (2, 4, 6, 8, 10, and 12) using an acid (0.1 M HNO3)
or base (0.1 M NaOH). Those pH values were selected in order to cover all of the pH range and study the
adsorption behavior in either strong acidic or alkaline conditions. Then, the conical flasks were put into
a temperature-controlled shaking water bath (model Julabo SW-21C, Seelbach, Germany), setting the
temperature (T) and agitation speed (N) at 25 °C and 160 rpm, respectively. The agitation lasted for
24 h (t), and afterwards the residual dye concentration was determined as described in Section 2.1.

2.3.2. Effect of the Initial Dye Concentration and Temperature on Equilibrium (Isotherms)

A mass of 0.1 g of fibers were added to 11 conical flasks containing 100 mL of the adsorbate
solution (V). The initial dye concentration was varied (Cy = 10, 30, 50, 75, 100, 150, 200, 300, 500, 750,
and 1000 mg-L~!). The conical flasks used for these batch experiments were again placed into the
temperature-controlled shaking water bath using the fixed conditions (N = 160 rpm). The pH was
adjusted to 12 because this pH values was the optimum valued found from the pH effect experiments.
The flasks were agitated for 24 h (t), because this time was the optimum, in which the adsorption
reached the equilibrium for all fibers. This series of experiments was done at four temperatures (T = 25,
35, 45, and 55 °C), and then the equilibrium dye concentration in the solid phase (Q.) was calculated
using the mass balance equation:

(CO — Ce)v
Q== ®)

Then the equilibrium data found were fitted to the Langmuir (Equation (4)) [45] and Freundlich
(Equation (5)) [46] isotherm equations [47]. Although there are also other common (and more recent)
isotherm models (Dubinn-Radushkevich, Toth, Khan, Langmuir-Freundlich, etc.), the major aim of
the present study was the quantitative evaluation of the adsorption results. Therefore, the most
widely-used models (Langmuir and Freundlich) were primarily selected for fitting.

_ QmKLCe
Qe - H‘TLC:e (4)
Qo= Kp(Ce)r 5)

where Qp (mg-g~!) is the maximum amount of adsorption, K (L-mg~!) is the Langmuir adsorption
equilibrium constant, Ky (mg(l’%)L(%) g’1> is the Freundlich constant, and n (dimensionless) is the
constant depicting the adsorption intensity.
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The overall purpose of the various temperatures was to evaluate the adsorption process
thermodynamically. For this purpose, three key parameters have been estimated based on the
isotherms curves that resulted at 25, 35, 45, and 55 °C: the change of Gibbs free energy (AG?, kJ-mol 1),
enthalpy (AHY, k]-mol~!), and entropy (AS?, k]-mol~!-K~!). The system of equations below was
employed for the calculation of the previously mentioned parameters (where Cs (mg-L~?) is the
amount adsorbed on a solid at equilibrium and R (8.314 J-mol~1.K~1) is the universal gas constant [48]:

— CS
K. = C. (6)
AG? = —RTIn(K.) 7)
AG’= AHY — TAS? (8)
AH’\1 AS°
In (Ke) = <_R>T+R ©)

AG? was given from Equation (7), while AH? and AS° were given from the slope and intercept of the
chart between In(K.) versus 1/T (Equation (9)).

2.3.3. Effect of the Adsorbent’s Mass

To evaluate the impact of the adsorbent’s amount, particular masses of fibers were added to
each flask. Therefore, m = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, 0.10, 0,15, 0.20, and 0.50 g were added to
10 conical flasks containing 100 mL of the adsorbate solution (V). The initial dye concentration was
Cp = 100 mg-L~! and the pH was adjusted to 12. The conical flasks used for this run of experiments
were placed into the temperature-controlled shaking water bath using the fixed conditions (T =25 °C,
and N = 160 rpm). The agitation once again lasted for 24 h (t), and after that, the equilibrium dye
concentration in the solid phase (Q.) was calculated using the mass balance equation (Equation (3)).

2.4. Desorption and Reuse Experiments

These experiments were performed in batch mode using the following constant (optimum)
adsorption conditions: pHygqs = 12, Cpags = 100 mg~L_1, T =25 °C, tugs = 24 h, and N =160 rpm.
They were parted into two main groups: (i) desorption pH-effect experiments, and (ii) reuse
cycles with successive adsorption-desorption experiments. When the adsorption process was
finished, the adsorbents (fibers) were separated from the supernatant using filtration membranes.
Then, the separated fibers were placed in six conical flasks with pH-adjusted values (2, 4, 6, 8,
10, and 12), and filled with deionized water as an eluant. The flasks were then placed into the
temperature-controlled shaking water bath using the fixed conditions (T =25 °C and N = 160 rpm).
The agitation lasted for 24 h. The quantitative evaluation of desorption was performed afterwards
using desorption percentages, simply by calculating the difference between the amount of dye loaded
on fibers after adsorption and the amount of dye found in the solution after desorption. To examine the
reuse ability of adsorbents, the above procedure was repeated 10 times using the exact same conditions
(first adsorption and then desorption), keeping the optimum eluant pH value (2).

3. Results and Discussion

3.1. SEM, XRD, and Crystallinity

Figure 1 shows the surface morphology of neat and dye-loaded fibers. In the case of kenaf,
some small particles, which probably correspond to the dye molecules, were observed on the surface
of the fiber after adsorption. For ramie fibers, it is clear that the dye adsorption did not affect the
morphology, but small dye particles were also seen here. In accordance, ramie fibers before the
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adsorption were covered by non-cellulose compounds like waxes or fats [49], while after the dye
adsorption, some bigger particles existed.

. 20kV X450  50pm

X450 50pm

(b)

20kV X750  20pm X850 + 20um

(d)

X650  20pm

20kV X550 20pm

(e) ()

Figure 1. SEM images of (a) kenaf fiber, (b) BY37-kenaf, (c) ramie fiber, (d) BY37-ramie, (e) flax fiber,
and (f) BY37-flax.

Figure 2 shows XRD diffractograms of flax, ramie, and kenaf fibers. All patterns exhibited
the same intense peak at 20 = 22° (1200). This peak was attributed to the crystalline region of the
fiber. On the other hand, the valley at 20 = 18° corresponded to the non-crystalline area of the fiber.
After BY37 adsorption, the crystalline peak was broadened and its intensity was reduced [50].



Processes 2018, 6, 166 6 of 18

BY37-Flax

Intensity (counts)

BY37- Ramie
w

5 10 15 20 25 30 35

2theta (degrees)
Figure 2. XRD patterns of kenaf fiber, BY37-kenaf, ramie fiber, BY37-ramie, flax fiber, and BY37-flax.

Crystallinity index (CI) and percentage crystallinity (X.) were estimated using the XRD peak
height method, a useful comparative analysis of crystallinity variations before and after dye adsorption
were made [43]. Table 1 presents the calculated CI and X.. In all fibers, the values of X, were
decreased after dye adsorption at a rate of approximately 2%. These values can give an insight into the
relation between the adsorption capacity and the crystallinity. Further comments on that can be found
in Section 3.3.

Table 1. XRD data of the adsorbents before and after BY37 removal.

Before Adsorption  After Adsorption

. Xc Xc
Fiber CI (%) CI (%)
Kenaf 0.700 76.92 0.681 75.70
Ramie 0.885 89.70 0.872 88.60

Flax 0.820 84.09 0.795 83.01

Figure 3 presents photos of the fibers before and after the adsorption experiment. It is clear that
despite the same nature of the fibers (natural bast textile), the shape of them was different. Kenaf and
flax fibers were slimmer in shape than ramie fibers.

2
.

(@)
Figure 3. Cont.
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(b)

Figure 3. Photos of fibers before (right column) and after (left column) BY37 adsorption for (a) kenaf,
(b) ramie, and (c) flax.

3.2. Effect of pH: Adsorption Mechanism

The key parameter in each adsorption process is the solution pH. The nature of the adsorption
medium was very important with regard to investigating the adsorption mechanism. For this reason,
many adsorbents alter their behaviour (either increase or decrease) according to the alteration of pH
conditions. Preliminary tests were performed to estimate the optimum adsorption pH value for BY37
removal (Figure 4). Based on the pH effect results, some interesting remarks about possible interactions
between the dye molecule and fibers could be made. At first glance, it was clear that the pH behaviour
of all fibers was similar. Only some quantitative differences were observed. This was expected since
the substrate for all fibers was the same (cellulose, lignin, hemicelluloses, etc.).

The removal of BY37 dye at pH 2 was low (15%, 12%, and 10% for ramie, flax, and kenaf fibers,
respectively). By increasing the solution pH to 4, 6, and 8, the dye uptake was also raised for all fibers
(ramie: 24%, 40%, and 66%, respectively; flax: 29%, 65%, and 70%, respectively; kenaf: 18%, 22%,
and 59%, respectively). The higher dye uptake was observed at pH 12 (91%, 88%, and 78% for ramie,
flax, and kenaf fibers, respectively). The interesting finding here is that the big increase was observed
between pH 6 and 8. At this pH value, it was clear that some change in the nature of the process was
taking place. An additional interesting finding was the slight adsorption superiority of ramie over
flax, but a clear difference between these two dyes compared to kenaf was also found (3% difference
between ramie and flax, while 10% between ramie and kenaf fiber). The different amount of cellulose
in each fiber could be a reasonable explanation for this difference.

It is true that the industrial dyeing effluents (especially those of basic/cationic dyes) present
extreme physicochemical parameters (pH, salinity, auxiliaries, etc.). This can be attributed to the
mixing of numerous reagents for successful textile dyeing. The dyeing process of textiles involves
unit operations such as (i) desizing, (ii) scouring, (iii) bleaching, (iv) dyeing, and (v) finishing.
Therefore, the waste streams from each individual sub-operation are collected to an “equalization
tank,” where they are mixed and homogenized. In particular, the wastewater produced by the dyeing
bath reactor contains hydrolyzed dyes, dyeing auxiliaries, electrolytes (=260-100 g-L ! of NaCl and
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NayCOs3). The latter are responsible for the high saline content of the wastewater, which exhibits high
pH values (10-12) [51]. This means that the pH environment is already alkaline (as found with the
optimum pH adsorption value of this present study). Therefore, in the case of basic dye effluents,
one can suggest omitting the stage of pH equalization, but this is not sure.

EE 4
' i/ﬁ/ H
60 - i/ ]

Q, (mg/g)

T
2 4 6 8 10 12
pH
Figure 4. Effect of pH on the BY37 removal with adsorption onto fibers (adsorption conditions:
Cy =100 mg~L*1, pH=2-12,T=25°C,N=160 rpm, m=0.1g, V=100 mL, and t =24 h).

In an attempt to explain the above pH behaviour, it was necessary to speculate about some
possible interactions that may have occurred at these studied pH values. At strong acidic conditions,
the amino groups (nitrogen) of the dye molecule is protonated (NH™). Therefore, bonds (relatively

weak) between the hydroxyl groups of the fiber and the protonated amino groups of BY37 can be
formed (Figure 5 and Equation (10)).

BY37-NH* + Fiber—OH "¢ 24aoN pipor OHeeeNH'-BY37 (10)
strong acidic pH

DDD Acidic pH ©®® ©60 Basic pHOOO

Fiber .
Fiber

COOH M COOH COOe o co
SEL %, =
N S, =7 N =
N = 7 SZN =7 NN =
SEER $20,27 N Z
N = %, S 2NYs 2 VS =
N = % S Z 7 LN =
S = 7 SRR
= $ z = =
S = %, S & 2,5 z
Q = %, SN —\= N/ =
& = “, S WZ: %7, =
N\ S 7 SR WZE Q 2,7, =
O % S W =3 7, =
N 7, S W™ = &) =
©NH %, CHaCHz D %, =

I I
[(*] [(*]
2] 2]
(@] > /0
£,
o=
N
Z
N
&
I
w
[2]
I
@ 0
=z |/////
XN
®
(o4
X0
N
%\\m\
(2]
I
N
(2]
I
w

Figure 5. Proposed adsorption mechanism between the fiber with BY37 at acidic and basic
pH conditions.
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By increasing the pH value of the solution (to 12), the functional groups of fibers (-COOH,
—OH) are deprotonated (-COO™, -O7). Also, the amino groups of fibers slightly miss the protonated
nature (N¥) but have a strong electrostatic attraction between BY37 (N*) and the deprotonated groups
(Figure 5 and Equation (11)).

Fiber-O™ electrostatic attraction Fiber-O™
BY37-N* & NT-BY37 11
" Fiber-COO~ basic pH Fiber-COO~ ()

FTIR spectroscopy can help confirm this above proposed interaction hypothesis by comparing
the respective spectra before and after adsorption (Figure 6a—c).

As shown in Figure 6, all fibers had characteristic peaks like a broad peak in the area of 3450-3464
cm ™!, which corresponds to the O-H stretching frequency, whereas the peaks at 2898 cm~! and
2899 cm~! were attributed to the C-H stretching. The absorbance at about 1380-1320 cm ! (for all
fibers) arose mainly from the bending vibration of C-H and C-O groups of polysaccharides. Another
peak at 1735-1730 cm~! corresponds to the C=O stretching of the acetyl group in lignin and/or
hemicellulose [52,53]. In the dye adsorbed fibers, the hydroxyl peak was shifted to 3427-3420 cm™ 1,
indicating that some hydrogen-bonding evolution was taking place between the fiber’s reactive groups
(—OH groups) and the dye. Moreover, another difference could be found in the area of carbonyl groups,
where their absorbance was also shifted to 2718-2711 cm ™. This was also an indication that the ester
groups could participate to interactions with the -NH groups of the dye. However, these peaks were
detected very weakly in the alkaline-treated fibers, which could be attributed to the partial removal of
the lignin [54]. Therefore, in this case, more -OH groups of fibers were available to interact with the
-NH of dye and to increase its absorbance on fibers.

BY37-Ramie
3350

Absorbance

4000'35|00'3(J|00'25|00'20|00'15|00'10|00' 560
Wavenumber (cm™)
(@)
Figure 6. Cont.
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BY37-Flax
340

Absorbance

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
(b)

BY37-Kenaf
3425
2890

Absorbance

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

(0)

Figure 6. FTIR spectra of the fibers used for BY37 removal. (a) Ramie fiber before and after BY37
adsorption, (b) flax fiber before and after BY37 adsorption, and (c) kenaf fiber before and after

BY37 adsorption.

3.3. Isotherms and Thermodynamics

It has been noticed that for all fibers studied, the initial dye concentration, using a constant
dosage of adsorbent (1 g-1.71), had an effect on the equilibrium dye uptake. In the case of low initial
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concentrations, a very intense dye adsorption was observed, which reached the equilibrium rapidly
(Figure 7). This fact suggests the possible formation of a monolayer of dye molecules at the outer
interface of the absorbent. Additionally, when suggesting low initial dye concentrations (0-50 mg-L~1),
the ratio of the initial number of dye molecules to the available adsorption sites was low. Consequently,
the fractional adsorption became independent of the initial concentration [55]. Brunauer et al. [56]
categorized the isotherms of adsorption into five types. Type I isotherms represented monomolecular
adsorption and were related to non-porous, microporous, or adsorbents with small pore sizes
(not much larger than the molecular diameter of the adsorbate). Therefore, according to the BET
(Brunauer-Emmett-Teller (BET)) classification [56], the form of these curves (Figure 7) implied that
the isotherms for all fibers-BY37 systems belonged to Type I, and they were characterized by a high
rate of adsorption at low concentrations. At higher concentrations, the adsorption sites were limited,
and subsequently, the process was dependent on the initial dye concentration.

T
500 Flax - I | 5004 Kenaf = 25°C
- (]
- A
E 400 4 *
B 3
=2 B o 3004
3 E
o’ o’

25°C | 200
35°C

. 45°C /7
100 * 55% 1 100 J

Langmuir equation Langmuir equation
0 - - - - Freundlich equation 0 } - - - -Freundlich equation
T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 6 1 (I)O 260 360 460 560 660 700
C, (mg/L) C, (mglL)
(a) (b)
T T T T T T T T —F T T
Ramie -
500 .
400 - g

>
o 300 4
E
c 200 4 m 25°C |
® 35°C |
r A 45°C
100 * 55°C 7]

Langmuir equation
- - - - Freundlich equation

0 ' 1(IJO ' 2(IJO ' 360 ' 460 ' 560 ' 660 700
C, (mg/L)
(c)

Figure 7. Isotherms for the adsorption of BY37 at 25, 35, 45, and 55 °C onto (a) flax, (b) kenaf,
and (c) ramie fibers (adsorption conditions: Cy = 10-1000 mg'L_l, pH =12, T=25-55°C, N = 160 rpm,
m=0.1g,V=100mL, and t =24 h).

Figure 7 clearly demonstrates the difference in fitting models (Langmuir and Freundlich),
which can be also be observed in Table 2. The results gave a better fitting to the Langmuir equation
(Rp? = 0.989-0.998) rather than the Freundlich (Rg? = 0.945-0.964) equation. The maximum adsorption
capacities of fibers were calculated accordingly and were found to be 327, 435, and 460 mg-g~! (25 °C)
for kenaf, flax, and ramie, respectively. As it was stated above, these variations were due to the



Processes 2018, 6, 166 12 of 18

percentage of cellulose present in each fiber separately, which hindered or enhanced the possible
interactions between the dye molecule and the functional groups of the fibers. A brief comment can
also be added here after linking the crystallinity results found in previous section. It can be seen that
the adsorption ability of each fiber can be directly linked with the CI (Xc Ramie > XC Flax > XC Kenaf),
as it can be observed that Qramie > QFlax > Qkenaf- This can be attributed to the cellulosic content of
each fiber.

Table 2. Equilibrium parameters for the adsorption of BY37 at 25, 35, 45, and 55 °C onto ramie, flax,
and kenaf fibers.

Langmuir Equation Freundlich Equation
. T Om Ky, 2 Kg 2

Fiber — 00)  (mggH @mghH R (mgl-DLMg T " R
Ramie 25 460 0.025 0.997 51.74 2.84 0.951
35 475 0.028 0.995 56.72 2.89 0.953
45 506 0.038 0.993 66.70 2.96 0.945
55 507 0.043 0.992 71.61 3.06 0.947
Flax 25 435 0.022 0.998 45.64 2.78 0.947
35 443 0.025 0.997 49.61 2.84 0.946
45 453 0.028 0.993 53.68 2.89 0.954
55 512 0.037 0.992 66.84 2.93 0.956
Kenaf 25 327 0.012 0.994 23.87 251 0.962
35 333 0.013 0.993 26.24 2.57 0.961
45 342 0.014 0.991 27.36 2.58 0.964
55 346 0.015 0.989 29.82 2.84 0.962

Quantitatively, the capacity of flax fibers (435 mg-g~!) to adsorb and therefore remove BY37 was
33% greater than that of kenaf fibers (327 mg-g~!) at 25 °C. A similar observation can be made for
ramie fibers (460 mg-g~!), which was 40% greater than that of kenaf (327 mg-g~!). What is most
significant, though, is how those capacities changed while increasing the temperature. Each fiber
had a different behavior with the increase of temperature. The adsorption capacities of kenaf fibers
estimated by the Langmuir model were quite similar; 327, 333, 342, and 346 mg-g~! for experiments
at 25, 35, 45, and 55 °C, respectively. This means that the total change between the two temperature
limits (25 and 55 °C) was only 13%. In the case of flax fibers, the calculated adsorption capacities
were similar at 25, 35, and 45 °C, namely 435, 443, and 453 mg-g~!, respectively. However, it was
very different (this is easily illustrated in Figure 7a) at 55 °C (512). This means that from 25 to 45 °C,
the change was only 4%, while from 45 to 55 °C, the change was 13%. In the case of ramie fibers,
the adsorption capacities calculated by the Langmuir model were similar for the temperature couples
25 and 35 °C (460 and 475 mg-g !, respectively), and 45 and 55 °C (506 and 507 mg-g !, respectively).
From all of the above, it can be concluded that despite the same nature of the fibers used (textile bast),
the adsorption behavior was not the same, especially with the increase in temperature.

Based on the above adsorption equilibrium data at varying temperatures, the thermodynamic
analysis was carried out (Table 3). The positive AH? values revealed an endothermic process.
By increasing the dye concentration, these values were decreased. This could be explained by the
fact that in an endothermic process, the adsorbates (BY37 molecules in this work) need to displace
more than one water molecule in order to be adsorbed. The latter results in the endothermicity of the
process, and for that, AH? would be positive. The magnitude of enthalpy could also give a clue about
the type of adsorption. Furthermore, it was also found that the values of AS? were positive, which is
evidence of the affinity between the adsorbent and the adsorbate. The positive entropy value also
indicates an increased randomness at the solid-solution interface, along with some structural changes
to both the adsorbent and the adsorbate. The gain in translational entropy by the adsorbed molecules
of the solvent that were dislocated by the adsorbate species was greater than the one that was lost
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by the adsorbate dye molecules, thereby introducing the predominance of randomness in the system.
Finally, the positive ASU is linked to a rise in the degree of freedom of the adsorbed [57].

Table 3. Thermodynamic parameters for the adsorption of BY37 at 25, 35, 45, and 55 °C onto ramie,
flax, and kenaf fibers.

Fiber Co T Q. K AGO AHO ASO
(mg-L™1) (K) (mg-g~ 1) ¢ (kJ-mol~1)  (kJ-mol™1) (kJ-mol~1.K~1)
Ramie 10 298 9.90 99.00 ~1139
308 9.92 124.02 1234
318 9.95 199.07 ~14.00 +26.31 +0.126
328 9.96 249.08 ~15.05
100 298 91.04 10.11 —5.73
308 92.09 1150 —6.25
318 93.41 13.29 —6.84 +11.79 +0.052
328 93.53 14.38 —727
500 298 350.24 233 ~2.10
308 360.35 257 042
318 380.41 3.17 ~3.05 +10.51 +0.042
328 385.36 3.35 ~330
1000 298 430.05 0.75 0.70
308 448.09 0.81 0.53
318 490.08 0.96 0.11 +7.77 +0.024
328 495.87 0.98 0.05
Flax 10 298 9.80 49.02 —9.64
308 9.85 65.67 ~10.72
318 9.91 99.10 ~12.15 +42.61 +0.174
328 9.96 249.00 ~15.05
100 298 88.04 7.33 —4.94
308 89.09 8.09 ~535
318 91.07 10.11 ~6.12 +20.13 +0.083
328 94.32 15.67 ~7.50
500 298 335.44 2.03 ~175
308 345.68 223 —2.05
318 350.71 233 224 +12.43 +0.047
328 385.35 3.35 ~3230
1000 298 405.59 0.68 0.95
308 41531 0.71 0.88
318 435.42 0.77 0.69 +9.92 +0.030
328 500.24 1.00 0.00
Kenaf 10 298 7.02 233 —2.10
308 7.50 3.00 —281
318 7.51 3.02 ~2.90 +6.65 +0.029
328 7.52 3.03 ~3.00
100 298 78.04 3.55 —3.14
308 80.09 4.00 —355
318 81.12 426 ~383 +6.25 +0.033
328 82.23 456 —414
500 298 250.34 1.00 0.00
308 255.41 1.04 ~0.10
318 260.35 1.08 —021 +3.25 +0.011
328 265.95 113 ~0.33
1000 298 295.01 0.42 216
308 300.34 0.43 217
318 310.45 045 212 +2.68 +0.002

328 315.55 0.46 212
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3.4. Effect of Adsorbent’s Dosage

Figure 8 illustrates how the dosage of the adsorbent affected the BY37 removal. The major aim
of this experiment series was to investigate if there was any experimental dosage point over which
no other increase in adsorption capacity could be observed. According to the results, the trend of
the increase of adsorption capacity remained the same. That means that by raising the adsorbent’s
dosage, an improvement of BY37 was achieved. However, the critical point was at m = 0.1 g, where the
maximum adsorption capacity was observed for all fibers. After that, no any significant improvement
was demonstrated. For example, the adsorption equilibrium capacity was the same, even at 0.5 g-L 1.
So, it was clear that the most suitable adsorbent’s dosage was 0.1 g per L.

100 —
17 —A— Ramie
907 _e—Flax ]
80 —"—Kenaf |
70 i
@ 60 - e
> ]
é 50 I 1 -
40 i .
@ 1 ¢ ¢
304 L e i
20, %ﬁ - ]
10 = i
0 T T T T T : T - T T

T T
0.01 0.02 0.03 0.04 0.05 0.07 0.100.15 0.20 0.5
m (g)

Figure 8. Effect of the adsorbent’s mass for the removal of BY37 by adsorption onto flax, kenaf, and
ramie fibers (adsorption conditions: Cy = 100 mg-Lfl, pH=12,T=25°C,N =160 rpm, m =0.01-05 g,
V=100 mL, and t = 24 h).

3.5. Desorption and Reuse

The initial run of desorption experiments was to evaluate/find the optimum pH conditions.
The optimum pH was at 2 (ramie, 75%; kenaf, 60%; flax, 61%), because the forces (contributed to
adsorption) were entirely weakened at this pH value (Figure 9a). Decreasing the solution pH (to 2),
the functional groups of fibers (-COO~, -O~) were protonated (-COOH, -OH), so again the whole
bonding was weakened. Another important parameter that was investigated was the possibility to
reuse this kind of low-cost adsorbent materials. The regeneration of the fibers was estimated through a
set of adsorption-desorption experiments. The results (Figure 9b) revealed the similar qualitative reuse
behavior of fibers but a different quantitative one. Ramie, which was found to be the most efficient
fiber for adsorption, reduced its adsorption capacity from 88 to 85% after the initial cycle, whereas the
total loss by the sixth cycle was 3% (from 85 to 82%), and finally reached a 75% adsorption capacity
by the last cycle (10th). Flax’s adsorption ability was reduced from 80 to 70% after the first cycle,
proceeding to an 18% loss by the sixth cycle (from 70 to 52%), and achieving a 25% loss by the last
cycle (10th). Finally, kenaf marked an 18% loss (from 70 to 52%) of its adsorption ability after the first
cycle, further reduced by 11% by the sixth cycle (from 52 to 41%), and by the last cycle (10th) the total
loss was 21%. So, it was clear that flax does not have good reuse behavior, while ramie had the best.
Similarly, this could be attributed to the cellulosic content of each fiber, and possibly some mechanical
properties of them.
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Figure 9. (a) Effect of pH on BY37 desorption from fibers. (b) Reuse cycles of adsorption-desorption
(adsorption conditions: Cy = 100 mg'L_l, pH=12,T=25°C,N =160 rpm, m=0.1g, V =100 mL,
and t = 24 h; and desorption conditions: pH = 2-12 (2 as optimum for cycles), T =25 °C, N = 160 rpm,
m=0.1g, V=100 mL, and t =24 h).

The decrease of the adsorption during reuse cycles is very common and can mostly be attributed
to the sequential reversal of extreme pH conditions of the aqueous solution/medium (from 1 to 2 and
vice versa). Proceeding to the reuse cycles, the desorption ability (mainly) deteriorated and therefore
the possible adsorption sites reduced in number. Less sites were free, so less sites could be used as
adsorption centers. The latter is very common in adsorbent materials and can be overcome with the
use of “mild” eluants. However, with the use of milder eluants, the desorption will not be good.
So, there is no standard way to overcome the problem of the adsorption reduction during reuse cycles.

4. Conclusions

The major conclusion of this work is the potential of the bast fibers selected (ramie, kenaf,
and flax) as low-cost sorbents for basic yellow 37 dye (cationic) removal from synthetic aqueous
solutions. Specifically, the optimum pH during the adsorption stage was found to be alkaline (12),
and FTIR confirmed the experimental results with the shift bands of the fibers” functional groups.
Flax’s adsorption ability for BY37 removal (435 mg-g~1) was 33% greater than that of kenaf fibers (327
mg-g~1) at 25 °C. A similar observation was made for ramie fibers (460 mg-g 1), which was 40% higher
than that of kenaf (327 mg-g~!). Another basic conclusion was the reuse opportunity of those fibers in
sequential adsorption-desorption cycles (10), even in extremely reversed pH conditions (from 12 to 2).
The adsorption ability of the ramie fiber had only reduced by 13% by the last (10th) cycle.
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